To analyze the accuracy of iliac screws using freehand technique performed by the same surgeon. We also analyzed how the breach of iliac screws was related to the clinical symptoms resulting in revision surgery. Methods : From January 2009 to November 2015, 100 patients (193 iliac screws) were analyzed using postoperative computed tomography scans. The breaches were classified based on the superior, inferior, lateral, and medial iliac wall violation by the screw. According to the length of screw extrusion, the classification grades were as follows : grade 1, screw extrusion <1 cm; grade II, 1 cm ≤ screw extrusion <2 cm; grade III, 2 cm ≤ screw extrusion <3 cm; and grade IV, 3 cm ≤ screw extrusion. We also reviewed the revision surgery associated with iliac screw misplacement. Results : Of the 193 inserted screws, 169 were correctly located and 24 were misplaced screws. There were eight grade I, six grade II, six grade III, and four grade IV screw breaches, and 11, 8, 2, and 3 screws violated the medial, lateral, superior, and inferior walls, respectively. Four revision surgeries were performed for the grade III or IV iliac screw breaches in the lateral or inferior direction with respect to its related symptoms. Conclusion : In iliac screw placement, 12.4% breaches developed. Although most breaches were not problematic, symptomatic violations (2.1%) could result in revision surgery. Notably, the surgeon should keep in mind that lateral or inferior wall breaches longer than 2 cm can be risky and should be avoided.
INTRODUCTION
The use of iliac screws to avoid pseudoarthrosis or fixation failure at the lumbosacral junction has been popularized. Clinical indications of sacropelvic fixation include long fusions extending to the sacrum, flat back deformity requiring corrective osteotomy, correction of pelvic obliquity, highgrade spondylolisthesis, sacrectomy, sacral fractures with spinopelvic dissociation, and substantial osteoporosis in the setting of lumbosacral fusion. Regardless of the specific clinical abnormality, each of these indications requires sacropelvic instrumentation to provide a secure distal foundation that resists the strong flexion movements and cantilever forces present at the lumbosacral junction, thus preventing fixation failures, pseudoarthrosis, and progressive deformities 7, 8) .
Although the freehand technique of screw placement at the cervical, thoracic, and lumbar spinal levels and its accuracy have been introduced and popularized, those of pelvic instrumentation were absent despite its popular use 10, 14, 15) .
Here, the accuracy of iliac screws using freehand technique performed by a 10-year experienced single spinal deformity surgeon was analyzed. Additionally, how the breach of iliac screw was related to the clinical symptoms resulting in revision surgery was evaluated.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board of Toronto Western Hospital. From January 2009 to November 2015, 148 consecutive adult patients underwent pelvic fixation using the freehand technique iliac screw placement at the posterior spinal inferior spine (PSIS) by the same surgeon. Postoperative computed tomography (CT) scans during follow up were possible for 100 of these patients, and they were included in this study. There were 27 male and 73 female patients with a mean age of 63.5 years (range, 20-85).
The initial diagnoses were degenerative scoliosis with or without sagittal imbalance (n=66), distal level degeneration, flat back, or curve progression after adolescent idiopathic scoliosis surgery (n=21), congenital scoliosis (n=1), high-grade spondylolisthesis (n=4), tuberculosis kyphosis (n=1), trauma (n=2), and tumor (n=5). Basic characteristics of patients are shown in Table 1 .
Surgical technique
The bone around PSIS was removed after its exposure with an osteotome and Rongeur forceps to avoid screw protuberance. The screw entry point was located at the center of the PSIS, directly beneath the most prominent region. The pedicle probe was inserted by the gear-shift method ( Fig. 1A and B ). In other words, if the pedicle probe did not move forward by touching the inner cortical bone, it was turned by 180° and then made to proceed in the true cancellous channel. This path finding by the gear-shift method was repeated to create a screw trajectory. A pelvic lateral wall slope was used for creating a lateral angle of the screw trajectory (Fig. 1C ), and the greater trochanter was used for the inferior angle of screw trajectory in the freehand technique. The inferior angle was set on the basis of the greater trochanter, which is the most obvious and easily palpable anatomical marker for screw trajectory. The actual screw trajectory should be approximately 15-20° above the greater trochanter ( Fig. 1A and B ).
After inserting the probe approximately 7-8 cm deep, the pedicle probe was removed and the five bony walls (medial, lateral, superior, inferior, and depth of bottom) were confirmed through ball-tip probing. The final step was tapping and screw placement. A screw of 70-80 mm length and 8.5-9.5 mm diameter was used according to the intraoperative measurement using a ball-tip probe. Lateral connector was used for connection of main rod and iliac screw. After screw insertion, portable anterior-posterior (AP) and lateral radiographs were obtained before the closure. In these images, the screw location was considered acceptable if it was above the sciatic notch (Fig. 1D ). The screw was removed or repositioned if it passed through a position lower than the sciatic notch.
Accuracy analysis of iliac screw
The mean assessment time of 1-mm thin CT section was 1.7 years (range, 1 month to 5.5 years). We analyzed iliac wall violation using coronal, sagittal, and axial CT scans, and were classified as superior, inferior, lateral, and medial iliac wall violation of the screw (Fig. 2 ). Unilateral iliac screw placement was performed in seven patients, and their contralateral sides were skipped. Bilateral iliac screw placement was performed in 93 patients. Hence, 193 iliac screws using postoperative CT scans were analyzed in this study. The longest measurement of the extruded screw tip from the violated iliac wall in the sagittal, coronal, and axial CT scans was recorded for the violated screw. According to the length of screw extrusion, the classification grades were as follows : screw extrusion <1 cm, grade I; 1 cm ≤ screw extrusion <2 cm, grade II; 2 cm ≤ screw extru- 
Radiographic loosening of screws and L5-S1 fusion rate
We analyzed screw loosening and lumbosacral junction fusion rate during the follow-up period (mean, 1.7 years) using postoperative CT scans. A >1-mm-wide radiolucent line around the implant on CT scans is considered evidence of screw loosening 17, 24, 25) . L5-S1 bone fusion was evaluated on the basis of evidence of bridging trabecular bone 24) . Revision surgery associated with iliac screw loosening and L5-S1 fusion failure was reviewed.
Statistical analysis
The statistical program SPSS version 20 (SPSS Inc., Chicago, IL, USA) was used to perform all statistical analyses. The chisquared test, Fisher's exact test, student's t-test, and Mann-Whitney U test were used for statistical analysis. A p -value <0.05 was considered statistically significant.
RESULTS
Among the 100 patients, five patients complained of discomfort associated with the iliac screw head irritation in the buttock, thus resulting in four revision surgeries to remove the iliac screw.
Among 193 inserted screws, 169 were correctly located and 24 were misplaced. There was a significant difference in the mean age and disease between the correct and misplaced iliac screws (p=0.017 and 0.004, respectively; Table 2 ). There were eight grade I, six grade II, six grade III, and four grade IV screws breaches, and 11, 8, 2, and 3 screw breaches in medial, lateral, superior, and inferior walls, respectively. Four revision surgeries were performed for grade III or IV iliac screw breaches and their related symptoms. The revision surgery patients comprised of two patients with 2.89 and 3.12 cm lateral wall violation (grade III and IV) and two with 2.32 and 4.20 cm inferior wall breaches (grade III and IV; Table 3 , Fig. 3 ). Lateral wall perforation and inferior wall perforation symptoms included gluteal muscle pain and sciatic nerve compression, respectively. Revision surgeries for the patients with two lateral and one inferior wall breaches were performed after 1 year because the patients' complaints were mild and observational follow-up was possible. However, revision surgery in a patient with a 4.20-cm inferior wall violation was necessary in the immediate postoperative period (7 days after surgery) because the patient complained of severe radiating leg pain caused by sciatic nerve compression by the iliac screw (Figs. 3D and 4).
Of the 193 screws, 15 (7.8%) in 11 patients showed loosening on CT images. Four patients with a loosened iliac screw underwent revision surgery for screw repositioning due to lumbosacral junction pseudoarthrosis. Among the 15 screws, only one laterally misplaced screw was included. Finally, nine screws (due to screw breaches in four and screw loosening in five) were repositioned under revision surgery during the follow-up period, and none of the nine repositioned screws showed a wall violation or loosening.
DISCUSSION
Despite substantial biomechanical forces at the lumbosacral junction, poor bone quality, and complex regional anatomy has been the cause of high rates of instrumentation failure or non-union in this area. This big challenge led the spine surgeons to use spinopelvic fixation that provided a powerful resistance against cantilever forces and flexion movement at the lumbosacral junction 7, 8) . The clinical indications of this technique included five or more level fusions extending to the sacrum, flat back deformity requiring corrective osteotomy, correction of pelvic obliquity, high-grade spondylolisthesis, sacrectomy, sacral fractures with spinopelvic dissociation, and substantial osteoporosis in the setting of lumbosacral fusion 2, [7] [8] [9] 16, 20, 21, 23) . In modern spinal surgery, technological evolutions have led to a decrease in surgical complications. Intraoperative imaging tools such as fluoroscopy or navigation system can be used in the iliac screw placement 18, 19) . Despite the improvement in accuracy offered by these technologies, their cost could be prohibitive in many spinal surgery centers. Moreover, these technologies may be associated with an increased risk of radiation exposure, increased operative time, and cumbersome additional hardware in the operating theatre. It has also been suggested that surgeons relying on these technologies may lose surgical skill and experience with respect to spinal instrumentation placement. The accuracy of freehand screw placement has been sufficiently reported and its clinical application is popular in spinal surgery 5, 10, 14, 15) . Furthermore, many spinal surgeons agree that it is difficult to use cumbersome equipment during long level or anatomically distorted deformity surgeries. However, a learning curve is necessary to use freehand technique with high accuracy 12, 14) . Until now, there was no accuracy analysis of freehand technique in iliac screw placement. The present study showed that 12.4% (24/193) iliac screw breaches could develop even with a 10-year experienced spinal surgeon, and especially occurred in the younger patients and post AIS surgery. We believe that this might be associated with revision surgery after AIS surgery in the relatively younger patients and could affect the high misplaced rates 6) .
Discomfort related to prominence of the screw in the skin resulted in screw removal, and this was one of the known complications with iliac screw placement 7, 11, 13, 22) . However, the reported revision surgery rate to remove the iliac screw due to patient discomfort was quite different. The revision rate in this study was 2.1% (4/193 screws) . Besides the popularly known discomfort related to screw head irritation, there was no report of violated screw tips causing postoperative discomfort until now.
Symptomatic screw violation occurred in the lateral and inferior directions. The inferior wall violation by the screw could directly compress the sciatic nerve because the superior gluteal neurovascular bundle exists in the pelvis at the superior aspect of the greater sciatic notch 4) . When this type of violation occurs, the patient complains of radiating pain spreading to the buttock and lower part of the leg, accompanied by a claudication type of back pain and tenderness of the greater sciatic notch. Although, grades I or II violations did not seem to induce any symptoms, grade III violation in the lateral or inferior walls could cause postoperative pain associated with direct irritation of the gluteal muscle or sciatic nerve. Anatomically, superior wall violation should be rare and a smaller length of screw tip could penetrate it as seen in our data. Furthermore, medial wall violation may not produce any postoperative symptoms. However, we believe that biomechanical purchase power would be weak without full-length bone and screw engagement (Table 3 , Fig. 2B ).
The total number of screws was 193 (period 1, 48; period 2, 48; period 3, 48; and period 4, 49). Twenty-four screw violations occurred, including four (8.33%) in period 1, 10 (20.83%) in period 2, four (8.33%) in period 3, and six (12.24%) in period 4. The overall violation rate in the entire study period was Fig. 4 . Anterior-posterior radiographs of the spine in a 63-year-old woman with degenerative scoliosis. A : After the first surgery, both iliac screws were located above the sciatic notch on the image. However, the patient had severe pain in his right lower limb, and there was a grade IV screw breach on the right side; 4.20 cm inferior wall violation (Fig. 3D) . B : Thus, we performed revisional surgery to replace the iliac screw toward a superior direction through another trajectory (yellow arrow). Fig. 5 . The learning curve of iliac screw placement using the freehand technique (the violation rate is shown in the graph for each period). 12.4%. Our learning curve of the freehand technique for iliac screw placement showed that the violation rates reached a plateau at approximately 8-12% (Fig. 5 ). Although the overall misplacement rate reached 12.4%, symptomatic pelvic wall violation was rare at 2.1% (4/193 screws). The surgeons should keep in mind that inferior wall or lateral wall perforation of iliac screw leads to postoperative pain that could require revision surgery. Screw loosening, represented as a radiolucent area around the screw, indicates loss of screw fixation and potential progression to pseudarthrosis 1, 17) . The prevalence of iliac screw loosening after long spinal fusion is known to be particularly high (7.5-52%) 3, 11, 22) . In this study, the iliac screw loosening incidence rate (15/193 screws, 7 .8%) was similar to that of a previous report. Revision surgery is known to be a risk factor of lumbosacral fixation failure 3) . In our results, no loosening occurred in the nine repositioned screws. Banno et al. 1) reported that the loosening group had a significantly higher rate of misplacement than the non-loosening group (54.5% vs. 16.0%). However, in our results, only one lateral wall violation occurred in 15 loosened screws, and no loosening occurred in the other misplaced screws.
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For this study, the surgeon who performed all operations had more than 10 years of experience with spinal deformity surgery, thus, we do not believe that our breaches depended on inexperience.
CONCLUSION
In the iliac screw placement during spinal surgery using the freehand technique performed by an experienced spinal deformity surgeon, 12.4% breaches developed. Although majority breaches were not problematic, the symptomatic violation (2.1%) could result in revision surgery. The surgeon should keep in mind that lateral or inferior wall breaches longer than 2 cm could be risky and should be avoided.
